Doxorubicin (DOX) is one of the most widely used anti-neoplastic agents. However, treatment with DOX is associated with cumulative cardiotoxicity inducing progressive cardiomyocyte death. Sirtuin 3 (Sirt3), a mitochondrial deacetylase, regulates the activity of proteins involved in apoptosis, autophagy and metabolism. Our hypothesis is that pharmacological modulation by berberine (BER) pre-conditioning of Sirt3 protein levels decreases DOX-induced cardiotoxicity. Our results showed that DOX induces cell death in all experimental groups. Increase in Sirt3 content by transfection-mediated overexpression decreased DOX cytotoxicity, mostly by maintaining mitochondrial network integrity and reducing oxidative stress. p53 was upregulated by DOX, and appeared to be a direct target of Sirt3, suggesting that Sirt3-mediated protection against cell death could be related to this protein. BER pre-treatment increased Sirt3 and Sirt1 protein levels in the presence of DOX and inhibited DOX-induced caspase 9 and 3-like activation. Moreover, BER modulated autophagy in DOX-treated H9c2 cardiomyoblasts. Interestingly, mitochondrial biogenesis markers were upregulated in in BER/DOX-treated cells. Sirt3 over-expression contributes to decrease DOX cytotoxicity on H9c2 cardiomyoblasts, while BER can be used as a modulator of Sirtuin function and cell quality control pathways to decrease DOX toxicity.
Introduction
The anthracycline Doxorubicin (DOX) is one of the most prescribed and effective anti-cancer agents [1, 2] . The clinical use of DOX has been associated with a cumulative and dose-specific cardiotoxicity that involves the development of congestive heart failure [3] [4] [5] [6] . Being a very potent chemotherapeutic, a more effective prevention of DOX-induced cardiotoxicity is needed in order to potentially optimize the effective dosage given to patients and therefore reduce morbidity.
Adult cardiac progenitor cells (CPCs), present in adult heart, contain stem cell characteristics and are involved in tissue homeostasis and myocardial regeneration during pathological conditions [7] [8] [9] . CPCs have been studied in the context of several pathological conditions in animal and humans including as a pathophysiological target against DOX cardiotoxicity [9] [10] [11] [12] . One relevant model to investigate DOXinduced effects on CPCs is the H9c2 cell line, which has morphological characteristics similar to immature embryonic cardiomyocytes [2, [13] [14] [15] [16] .
It has been previously described that DOX, at 0.5 and 1 μM concentrations, equivalent to those achieved in the plasma upon administration of therapeutic doses [14] , promotes metabolic stress and increases protein acetylation of crucial mitochondrial enzymes [17] [18] [19] . Sirtuins are NAD + -dependent deacetylases that catalyse the deacetylation of histone and non-histone lysine residues, also having protein ADP-Ribosyltransferase activity [20] . Sirtuin 3 (Sirt3) is the major mitochondrial deacetylase [21] , modulating several mitochondrial pathways [22] . Sirt3 is involved in the maintenance of oxidative phosphorylation during stress, regulation of ROS generation at the electron transport chain (ETC), as well as detoxification of ROS via activation of antioxidant enzymes, such as glutathione and superoxide dismutase 2 (SOD2) [17, [23] [24] [25] . Moreover, it was shown that Sirt3 was capable of deacetylating OPA1, contributed to the preservation of mitochondrial network structure, and protection of cardiomyocytes from DOX-mediated cell death [19] . Altogether, these evidences indicate that Sirt3-regulated pathways may be a potential target to preserve cardiac mitochondrial function and the overall contractile function [26, 27] . Novel therapeutic approaches based on combined treatments with antioxidants have been developed to decrease side effects. One of such molecules is berberine (BER), a natural compound used in traditional Chinese medicine. Among the many biological actions described for BER, antitumoral/antiproliferative [28] [29] [30] , antioxidant [31] , and antiarrhythmic [32] are the most relevant. The beneficial potential of BER includes cardioprotective effects [32] [33] [34] , since it was able to reduce ventricular afterload and augment myocardial contractibility [33, 34] . On the other hand, BER also increases Sirt3 activity which results in the activation of mitochondrial biogenesis pathways and increased mitochondrial capacity [35, 36] .
Taking this into account, our hypothesis is that BER modulation of Sirt3 levels inhibits DOX-induced mitochondrial dysfunction in H9c2 cardiomyoblasts. This modulation of protective mechanisms will allow the control of DOX toxicity, as well as the regulation of mitochondrial metabolism, oxidative stress and cell death.
Materials and methods

Reagents
Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS), Penicillin Streptomycin, ethylenediaminetetraacetic acid (EDTA), 0.05% Trypsin-EDTA, 1 × Opti-MEM Reduced Serum Medium were received from Invitrogen (Carlsbad, CA, USA). DOX, Sulforhodamine B (SRB), protease inhibitor cocktail (PMSF), bovine serum albumin (BSA), ammonium persulfate (APS), Bradford reagent, calcium chloride (CaCl 2 ), β-mercaptoethanol, sodium dodecyl sulfate (SDS) and trypan-blue were obtained from Sigma-Aldrich (St. Louis, MO, USA). Other chemical reagents were also purchased from SigmaAldrich, including those necessary to prepare 1× Phosphate Buffered Saline (PBS). Cell lysis buffer was obtained from Cell Signaling (Danvers, MA, USA). Acrylamide, Laemmli buffer, polyvinylidene difluoride membrane (PVDF) membranes and N,N,N′,N′ Tetramethyllenediamine (TEMED) were from BioRad (Hercules, CA, USA). The Enhanced ChemiFluorescence (ECF) detection system was obtained from Healthcare Life Sciences (Buckinghamshire, UK). Acetic acid and ethanol were obtained from Merck Millipore (Whitehouse Station, NJ, USA). All reagents and chemical compounds used were the greatest degree of purity commercially available. In the preparation of every solution, ultrapure distilled water filtered by the Milli Q from Millipore (Whitehouse Station, NJ, USA) system was always used.
Cell culture and cell treatments
H9c2 cell line (catalogue number CRL1446TM) was purchased from American Type Cell Culture (ATCC, Manassas, VA). The cells were grown in DMEM supplemented with 10% FBS, 1.5 g/L sodium bicarbonate and 1% of penicillin-streptomycin plus amphotericin B in 100 mm cell culture dishes at 37°C in a humidified atmosphere of 5% CO 2 . Cells were fed every 2-3 days and sub-cultured once they reached approximately 80% confluence in order to prevent cell differentiation, and were used between passages 7 and 20. For quantitative real-time PCR (qRT-PCR), Western Blot (WB), and caspase-like activity, cells were seeded at a density of 50,000 cells per mL for control and 85,000 cells per mL for the other conditions in 55 cm 2 culture dishes and cultured for one day. Then, cells were transfected and 24 h later compounds were added. For the other assays, such as SRB, flow cytometry and fluorescence microscopy, cells were seeded in order to reach a density of 60-70% in next day, to be transfected. Twenty-four hours after transfection, cell seeding was performed at a density of 10,000 cells per mL in 24-well plates for SRB; 20,000 cells per mL in six-well plates with 18 × 18 mm coverslip for microscopy and 40,000 cells per mL in 6 multiwell for flow cytometry. Two concentrations of DOX, which are usually present in plasma of patients treated with DOX (0.5 and 1 μM), were directly added to culture media. After 24 h posttreatment, cells were collected and stored at −80°C or were used to the assays. Two concentrations of BER (1 and 10 μM) were used for 72 h with solutions prepared in DMSO (also used as the vehicle in control groups) and added to the culture media. Both BER concentrations were previously selected using cell mass and caspase 3 and 9 like-activity assays. Viable cell counting for cell seeding was performed by using Trypan Blue exclusion method.
Transformation of competent cells and plasmid purification
One Shot TOP10 Chemically Competent E.coli (Invitrogen) was used to transform cells for high-efficiency cloning and plasmid propagation, according to the manufacturer's protocol. Following transformation procedure, cells were harvested by centrifugation at 6000 × g for 15 min at 4°C and the pellet was collected. After, plasmid purification was performed using Hispeed Plasmid Midi Kit (Qiagen, Valencia, CA) by following the manufacturer's protocol. The DNA concentration was determined with a Nanodrop spectrophotometer (Thermo Scientific, Lanham, MD).
Sirt3 gene overexpression in H9c2 cells
To evaluate the role of Sirt3 in DOX toxicity on H9c2 cardiomyoblasts, the wild-type (hSirt3-Flag) and the empty vector (Control) were obtained with the above procedure and were overexpressed in these cells [37] . Sirt3 overexpression was performed using the murine Long Form as described in [38] . In order to form the complexes of DNA, a 1:3 ratio of 9 μg of DNA and XtremeGENE HP DNA Transfection Reagent (Roche, Mannheim, Germany) were used in Opti-MEM I Reduced Serum Medium, for 15 min. Afterwards, the transfection was performed and cells were incubated in growth medium for 24 h, to obtain a transient protein transfection. Besides the three groups described above, one control condition was performed by using transfection reagent only.
Sulforhodamine B colorimetric assay
The SRB assay (Vichai and Kirtikara 2006) was used to measure cell mass indirectly through determination of the total cell protein. After treatment, the incubation media was removed, and cells were fixed in 1% acetic acid in ice-cold methanol overnight at − 20°C. Cells were then incubated with 0.05% (w/v) SRB for 1 h at 37°C. Subsequently, SRB was removed and wells were washed with 1% acetic acid to remove unbound stain. Dye bound to cell proteins was extracted with 10 mM Tris-base solution, pH 10, and its absorbance was read at 540 nm in a VICTOR ×3 Microplate Reader (Perkin Elmer, Waltham, MA, USA).
Collection of total protein
In order to obtain total cellular extracts, cells grown in 55 cm 2 culture dishes were harvested by trypsinization and washed once with PBS. Floating cells were also collected and combined with adherent cells. In order to collect all cells, two centrifugation steps were performed for 5 min at 1000 × g. Before protein quantification, the cellular pellet was resuspended in cell lysis buffer supplemented with PMSF, a protease inhibitor, and samples were then sonicated. Protein was quantified by the Bradford assay (Bradford, 1976) , using BSA as standard.
Western blot analysis
After denaturation at 95°C or 50°C for OXPHOS cocktail antibody, for 5 min in a 2× Laemmli sample loading buffer (Bio-Rad), an equivalent amount of protein (40 μg) was separated in 9%, 10%, 12% or 14% polyacrylamide gel electrophoresis and electrophoretically transferred to a PVDF membrane. After membrane blocking with 5% milk (Bio-Rad) in Tris-Buffered Saline Tween (TBS-T; 50 Tris-HCl, pH 8; 154 mM NaCl and 0.1% Tween 20) for 2 h at room temperature under continuous stirring, membranes were incubated overnight at 4°C, under stirring, with the antibodies directed against Caspase 3 (1:1000, Cell Signaling, rabbit), Caspase 9 (1:750, Cell Signaling, rabbit), OXPHOS (1:1000, MitoScience, mouse), p53 (1:1000, Cell Signaling, mouse), Sirt3 (1:1000; Cell Signaling, rabbit), Acetyl anti-SOD2 (K68) and Anti-SOD2/MnSOD (1:750, Abcam, rabbit), Tom20 (1:1000, Santa Cruz, rabbit), p62 (1:1000, MBL, rabbit), Mitochondrial Transcription Factor A (Tfam) (1:500, Santa Cruz, goat) LC-3 I/II (1:100, MBL, rabbit). Once incubation was complete, membranes were incubated with alkaline phosphatase conjugated secondary antibodies (1:2500) for 1 h at room temperature under continuous agitation. Membranes were washed again and incubated with ECF system (from GE Healthcare, Piscataway, NJ), for 5 min maximum at room temperature. Fluorescence was read using the UVP Biospectrum 500 Imaging System (UVP, LLC, Cambridge, UK) through UV epi-illumination (365 nm). Before blocking, the membranes were stained with Ponceau S reagent to confirm equal protein loading in each membrane [39] . Band density was measured by using VisionWorks Analysis Software (UVP).
Cell death analysis by flow cytometry
To evaluate cell death, transfected cells were harvested by trypsinization and resuspended in buffer medium (120 mM NaCl, 3.5 mM KCl, 0.4 mM KH 2 PO 4 , 20 mM HEPES, 5 mM NaHCO 3 , 1.2 mM NaSO 4 , 10 mM sodium pyruvate at pH 7.4) supplemented with 1.2 mM MgCl 2 , 1.3 mM CaCl 2 . Next, a set of cells was incubated with 100 nM Sytox Green and another with 800 nM Calcein-AM. These probes give information about dead and live cells, respectively. Two samples of nonlabelled cells, with and without DOX, were also analyzed to calibrate the FACSCalibur Flow Cytometer system (BD Biosciences, San Jose, California, USA), taking cell auto-fluorescence and DOX fluorescence into account. Samples were kept on ice until use and 8000 cells were analyzed on a FACSCalibur Flow Cytometer. Data was analyzed using CellQuest Pro Software Package Cytometer (BD Biosciences, San Jose, California, USA).
2.9. Vital labeling of H9c2 mitochondria with tetramethylrhodamine, methyl ester (TMRM) and visualization by epifluorescence microscopy To indirectly assess mitochondrial transmembrane electric potential (Δψ m ), cells were seeded on coverslips in six-well plates as described above. Before the assay, cells were rinsed with PBS 1× and incubated in buffer medium (described in Section 2.8) with TMRM + (100 nM) and with Hoechst 33342 (1 μg/mL) for 30 min. After incubation, coverslips were removed from the wells and placed inverted on slides. All images were obtained with Nikon Eclipse Ti-S (Nikon Instruments Inc., NY, USA). Cells were analysed in terms of their mean and S.D. values for the fluorescence of each cell using ImageJ software.
Vital epifluorescence microscopy of H9c2 cells labeled with Mitosox Red and MitoTracker Green
H9c2 cells were seeded on coverslips in six-well plates and treated as described above. Afterwards, on the day of the assay, cells were rinsed with PBS 1× and incubated in buffer medium (described in Section 2.9) with MitoSox Red (5 μM) and the mitochondrial probe MitoTracker Green (200 nm) for 30 min. Rotenone (250 μM), a complex I inhibitor, was used as a positive control to increase superoxide anion detection. Cells were imaged by epifluorescence microscopy by using a Nikon Eclipse Ti-S (Nikon Instruments Inc., NY, USA).
Caspase-like activity assay
Caspase 3 activation was measured with two different methodologies. In order to measure caspase 3/7-like enzymatic activity, the Caspase-Glo 3/7 was used. Cells were seeded in 96 multiwell plates and the kit was used at the end of the cell treatment. The second method involved measurement of caspases − 3 and −9 like activities separately. After transfection and DOX treatment, H9c2 cells were harvested by trypsinization and washed once with PBS. To collect total cells, two centrifugation steps were performed for 5 min at 1000 ×g. Floating cells were also collected and combined with adherent cells. Cellular pellets were resuspended in cell lysis buffer supplemented with PMSF, and kept at − 80°C until used. Protein content was assayed by the Bradford method [40] , using BSA as standard. To measure caspase-3-and caspase 9-like activity, aliquots of cell extracts containing 25 μg (for caspase 3) or 50 μg (for caspase 9) total protein were incubated in a reaction buffer containing 25 mM HEPES (pH 7.4), 10% sucrose, 10 mM dithiothreitol (DTT), 0.1% 3[(3-cholamidopropyl)dimethylammonio]-propanesulfonic acid, and 100 μM caspase substrate (Ac-DEVD-p-nitroanilide (pNA) for caspase 3 or Ac-LEHD-pNA for caspase 9) for 2 h at 37°C. Caspase-like activities were determined by following the detection of the chromophore pNA after cleavage from the labeled substrate Ac-DEVD-pNA or Ac-LEHD-pNA. The method was calibrated with known concentrations of pNA.
Cathepsin B and D-like activity assay
The evaluation of lysosomes viability was performed by measuring cathepsin B and D-like activities. Cathepsin B and D like-activities were measured by fluorimetric and spectrophotometric detection, respectively [41, 42] . H9c2 cells were cultured as previously described. After cell treatment, the culture medium was collected and 3 mL of extraction buffer (PBS 1 × supplemented with 0.1 g/L EDTA) were added to each dish. Cells were then scraped and the cell suspension was collected and added to the correspondent culture medium. Cell suspensions were centrifuged at 340 xg for 4 min, the pellet was collected and washed with PBS 1× and centrifuged again at 340 ×g for 4 min. Pellets were resuspended in 200 μL of lysis buffer (50 mM HEPES pH 7.4, 100 mM NaCl, 0.1% (wt/vol) CHAPS, 0.1 mM EDTA and 10 mM DTT). The cell suspensions were kept at −80°C until used. The protein content was quantified by the Bradford method [40] , using BSA as standard. For Cathepsin B-like activity determination, aliquots of 50 μL of each sample were incubated with 40 μM of Z-Arg-Arg-N-methyl-coumarin (C5429, Sigma-Aldrich, St. Louis, MO, USA) in incubation buffer (100 mM sodium acetate pH 5.5, 1 mM EDTA, 5 mM DTT and 0.1% (vol/vol) Brij-35) at 37°C for 20 min. After the incubation, 150 μL of stopping buffer (33 mM sodium acetate pH 4.3, 33 mM sodium chloroacetate) were used to stop the enzymatic reaction. Cathepsin B likeactivity was determined by the detection of the N-methyl-coumarin (A9891, Sigma-Aldrich, St. Louis, MO, USA) fluorometrically at 360 nm excitation and 460 nm emission in VICTOR ×3 (Perkin Elmer, Inc.) reader. The method was calibrated with known concentrations of Nmethyl-coumarin. For Cathepsin D like-activity determination, aliquots of 75 μL of each sample were incubated with 125 μL of 3% (wt/vol) Hemoglobin (H2625, Sigma-Aldrich, St. Louis, MO, USA) in 200 mM acetic acid at 37°C for 30 min. After the incubation, 125 μL of 15% (vol/vol) TCA was added to the samples and they were kept at 4°C for 30 min. Samples were then centrifuged at 13,400 × g for 5 min. Cathepsin D-like activity was determined by the measurement of optic density of 200 μL supernatant at 280 nm in a Cytation 3 (BioTek Instruments, Inc., Winooski, USA) multiplate reader.
Statistical analysis
Data are expressed as mean ± SEM for the number of experiments indicated in the figure legends. To evaluate the transfection effect and treatment, a two-way analysis of variance (ANOVA) followed by the Tukey multiple comparison test was applied. To compare the effect of DOX in control cells, a one-way ANOVA followed by the Tukey post-test was used. For the evaluation of BER effect in DOX-induced cardiotoxicity studies, One-way ANOVA was used followed by the Dunett or Bonferroni post-test for multiple comparisons. Statistical analysis was performed in comparison with the control (untreated cells) or between groups, as described in figure legends. Significance was accepted when p < 0.05.
Results
Sirt3 overexpression protects against mitochondrial fragmentation and oxidative stress induced by DOX
In order to test our hypothesis, we initially analysed basal Sirt3 content on H9c2 cells. We confirmed by WB whether Sirt3 overexpression (hSirt3; Fig. S1 ) was effective, before evaluating DOX cytotoxicity under the different experimental conditions.
Our group has previously demonstrated that at low concentrations, DOX causes mitochondrial depolarization on H9c2 cells [14] . In this sense, we studied the effect of Sirt3 overexpression on mitochondrial depolarization by vital epifluorescence microscopy using the fluorescent dye TMRM + ( Fig. 1) . In control cells, transfected with an empty vector, mitochondrial fragmentation was also observed after DOX treatment. Sirt3 overexpression resulted in mitochondrial elongation ( Fig. 1B) and polarization ( Fig. 1C) , especially with 1 μM DOX. Since DOX-induced oxidative stress on cardiac cells has been implicated as one of the major mechanisms responsible for cardiotoxicity [14] , we used MitoSox Red, a dye which evaluates the presence of mitochondrial superoxide anion. H9c2 cells overexpressing Sirt3 and treated with DOX were dual-labelled with MitoTracker Green, which labels mitochondria regardless of the polarization state and MitoSox Red (Fig. 2 ). The images obtained by epifluorescence microscopy showed that Sirt3 overexpression appeared to prevent the increase in mitochondrial superoxide anion after DOX treatment, with a stronger red fluorescence in the control-1 μM DOX comparatively to hSirt3-1 μM DOX condition. Due to the fact DOX also emits fluorescence in the red channel and is seen in the nuclear areas, it was not possible to quantify mean cellular MitoSox Red fluorescence. In order to overcome this issue, we measured total and acetyl protein form of the major enzymatic superoxide anion scavenger in the mitochondrial matrix, manganese superoxide dismutase (SOD2) by Western blot (see later Fig. 9 ).
Sirt3 potentiates DOX-induced overexpression of several mitochondrial OXPHOS subunits
DOX cardiotoxicity involves disturbances of heart mitochondrial function and bioenergetics [6] . We next investigated the potential role of Sirt3 on DOX-effects on the mitochondrial oxidative phosphorylation (OXPHOS) machinery. The protein content of OXPHOS subunits was assessed by WB using an OXPHOS antibody cocktail (Fig. 3 ). Since Sirt3 regulates mitochondrial substrate oxidation and ATP production under basal conditions [43] , as well as protein synthesis by deacetylating the mitochondrial ribosomal protein L10 [44] , we next tested whether modulating Sirt3 levels in H9c2 cells would result in OXPHOS protein alterations after DOX treatment. Contrarily to what was expected, hSirt3 did not produce any difference on regarding OXPHOS protein content in cells treated with 1 μM concentration of DOX (Fig. 3) . Interestingly, for a lower concentration of DOX (0.5 μM) mitochondrial complex I and III subunits were significantly increased in the hSirt3/ DOX group when compared to the same condition in the absence of DOX (Fig. 3C and G) . A similar trend, but with no statistical significance, was visible on SDHB (complex II) and ATP5A (complex V) subunits ( Fig. 3E and I ).
Sirt3 overexpression protects H9c2 cells against DOX-induced cell death
Multiple forms of cell death, such as apoptosis, necrosis and autophagy, can be triggered by mitochondrial dysfunction, namely increased oxidative stress or even disruption on OXPHOS machinery [45] . We initially measured H9c2 cell mass alterations after Sirt3 manipulation, as well as 24 h after treatment with 0.5 and 1 μM of DOX by using the colorimetric SRB technique. Both DOX concentrations induced a significant decrease of H9c2 cardiomyoblast mass. The results also showed that the overexpression of Sirt3 had no effect on the decreased cell mass caused by DOX treatment (Fig. S2) . Based on these results, we decided to continue the subsequent experiments by using 1 μM DOX.
Since the SRB method does not allow to distinguish between cell death and cell proliferation, we next evaluated the proportion of dead and live cells by using Sytox green and Calcein-AM fluorescent dye, respectively, by flow cytometry (Fig. 4) [46] . Although not statistically significant, the results showed an increase in the number of live cells following Sirt3 overexpression (Fig. 4A) . Cell death was then confirmed by using the MultiTox-Glo multiplex cytotoxicity assay (Fig. 4B ). H9c2 cell death increased after treatment with 1 μM DOX. This assay confirmed the protection conferred by Sirt3 on DOX cytotoxicity, since Sirt3 overexpression partially prevented cell death when compared to DOX-treated cells.
Cardiomyocytes apoptosis, by caspase-dependent and independent mechanisms, has been proposed to mediate DOX-induced deterioration of cardiac function, with mitochondria playing a key role [14, 16, 47] . Afterwards, we measured protein content and activity of the initiator caspases 8 and 9, and the effector caspase 3, all involved in the apoptotic process. Caspase 8, a key component of the extrinsic pathway, was not significantly altered in any of the experimental groups tested (data not shown). Sirt3 overexpression did not affect protein expression of caspase-9 (Fig. 5) . Caspase 9-like activity was also measured by a colorimetric assay and the results showed a significant increase in caspase 9-like activity in control cells after treatment with 1 μM DOX, as expected. However, a significant decrease in caspase 9-like activity was observed in hSirt3 cells after the same treatment (Fig. 5E) . Moreover, cleaved caspase 3 showed a large increase in the 1 μM DOX treatment group, and a significant decrease was observed with Sirt3 overexpression (Fig. 6C) . In order to confirm the results obtained by WB, we evaluated caspase 3/7 activity after Sirt3 transfection and DOX treatment. We observed an increase in caspase 3/7 activity after treatment with 1 μM DOX which was decreased after overexpression of Sirt3 (Fig. 6D) .
Taking into account previous results from our group and others [13, [48] [49] [50] , we next evaluated p53 protein content (Fig. 7A) , a transcription factor which is overexpressed after DOX treatment. As expected, control cells showed a significant increase in p53 protein after treatment with 1 μM DOX (Fig. 7B) . When cells were treated with 1 μM DOX a significant decrease of p53 protein content was observed in hSirt3 transfected cells (Fig. 7B ). Once more, we observed a protective effect of Sirt3 overexpression on H9c2 cells.
Berberine induces Sirt3 overexpression, SOD2 activity, and decreases cytotoxicity in H9c2 cells
After validation of Sirt3 protective effects against DOX cardiotoxicity, pharmacological modulation of this deacetylase as therapeutic approach was tested. BER is a natural product described to induce Sirt3 activity in vivo [36] . Taking into account that Sirt1 also regulates mitochondrial biogenesis and metabolism [35] , we next evaluated if BER A.R. Coelho et al.
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could affect the levels of both of these sirtuins in our cell model. In this part of the study, different concentrations of BER were tested (from 1 μM to 100 μM) with the lowest concentrations having minimal effects on H9c2 cell mass (Fig. S3A) . To determine the best BER concentration for subsequent studies cytotoxicity of BER per se was evaluated in terms of cell mass (Fig. S3B ) and caspase activation (Fig. 8) . Based in our results, 1 and 10 μM of BER were selected and H9c2 cells were initially pre-treated for 72 h followed the addition of 1 or 20 μM DOX, in the last 24 h. Lower DOX concentration (1 μM) was equivalent to those achieved in plasma after administration of therapeutic doses of DOX and the higher concentration (20 μM) was meant to mimic a single acute treatment [14] .
The effect of combined BER/DOX treatments in sirtuin levels and caspase-like activity in H9c2 cells is represented in Fig. 8 . Our results showed that treatment with 1 μM DOX alone resulted in slight increase of Sirt3 protein content (Fig. 8A) . In addition, pre-treatment with 10 μM BER followed by 1 μM DOX resulted in a further increase in Sirt3 content when compared with the control (Fig. 8A, C) . Regarding Sirt1, a similar pattern was observed (Fig. 8B) . The combination of 10 μM BER with 1 μM DOX also led to an increase in the Sirt1 protein content when compared to 1 μM DOX alone (Fig. 8B, D) . Our next step was to evaluate the effect of BER on DOX-induced caspase-like activity using a range of BER (0, 1 and 10 μM) and DOX (0, 0.5, 1 and 20 μM) concentrations (Fig. 8E, F) . BER treatment per se did not significantly increase caspase 9 and 3-like activities (Fig. 8E, F) . Our data (Figs. 5 and 6 ) and previous results from our laboratory [14] showed that DOX treatment (0.5, 1 and 20 μM) increased both caspase − 3 and −9-like activities in H9c2 cells. The combination of 10 μM BER with 0.5 μM DOX resulted in a decrease in caspase 9-like activity when compared with 1 μM DOX alone (Fig. 8E) . Pre-treatment with 1 μM BER statistically prevented caspase-9 activation induced by 1 μM DOX (Fig. 8E) . Furthermore, pre-treatment with 10 μM BER also decreased caspase-9-like activity induced by 20 μM DOX, in comparison with 20 μM DOX alone (Fig. 8E) . On the other hand, pre-treatment with 10 μM BER prevented caspase 3 Fig. 1. (continued) A.R. Coelho et al.
activation induced by 1 or 20 μM DOX (Fig. 8F) . For the lowest concentration (1 μM), BER pre-treatment was also able to prevent caspase-3 activation induced by 1 or 20 μM DOX (Fig. 8F) . We also measured total and deacetylated SOD2 protein content and we observed that total SOD2 is only increased when treated with BER (Fig. 9) . By measuring the SOD2 acetylated/SOD2 total ratio, a decrease in SOD2 acetylated form in hSirt3/BER cells, was observed, which was increased when combined with DOX treatment (Fig. 9) .
BER modulates autophagy in DOX-treated H9c2 cardiomyoblasts
Cardiac cells can eliminate damaged biomolecules and organelles through the activation of self-recycling pathways including autophagy. Cardiomyocytes can use autophagy as well as survival mechanism after Fig. 2 . Impact of Sirt3 overexpression on DOX-induced increase in mitochondrial superoxide anion in H9c2 cardiomyoblasts. H9c2 cardiomyoblasts were subjected to Sirt3 overexpression protocol and respective control conditions, and treated with DOX (0, 0.5 and 1 μM) for 24 h. Mitochondrial superoxide anion levels were evaluated using MitoSOX Red probe, and mitochondria were stained with MitoTracker Green to allow visualization of the mitochondrial network. Images were acquired by fluorescence microscopy using a 40 × objective. The cells were transfected with PcDNA only (control) or with human Sirt3 cDNA (hSirt3). We also used 1.5 μM Rotenone to increase generation of mitochondrial superoxide anion as a positive control, as well as cells treated only with DOX as control. Data represents 3 independent experiments. Scale bar of Rotenone panel represents 15 μm, all the others represents 20 μm.
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a stress stimulus, such as DOX treatment, managing the damage and restore energy homeostasis [51] [52] [53] . In fact, our data showed that 20 μM DOX increased LC3-I protein levels, while LC3-II protein levels were not altered in cells treated only with DOX. BER per se did not induce any alterations in the LC3-I -LC3-II conversion when compared with untreated cells (Fig. 10C,D) . BER pre-treatment in H9c2 cells exposed to 1 μM DOX apparently increased the LC3-II content, although this result was not statistically significant. BER pre-treatment increased the LC3-II protein band in cells treated with 20 μM DOX, and appeared to increase the conversion of LC3-I into LC3-II in comparison within cells treated only with 20 μM DOX (Fig. 10A-D) . As p62/SQSTM1 binds directly to LC3 proteins during the autophagic pathway and accumulates when autophagy is inhibited, giving information about the autophagic flux [54] . We next evaluated the effect of BER in p62 protein content in DOX-treated H9c2 cells (Fig. 10E) . Our results showed that DOX did not significantly affect p62 protein levels, although a tendency for a down-regulation of this protein was noticed. BER pre-treatment induced an increase in p62 protein content only in cells treated with DOX (1 and 20 μM), when compared to the respective DOX treatment alone. The increase in p62 protein observed in cells pre-treated with BER and exposed to 1 μM of DOX was also statistically significant when compared to control cells in the absence of BER. Lysosomal viability is associated with high cathepsin B and low 
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cathepsin D activities [41] . Thus, we analysed the ability of BER to induce cathepsin B or D activation on DOX-treated H9c2 cells (Fig. 10F-H) . In the presence of 1 μM DOX the activity of cathepsin B was significantly increased (Fig. 10G) , whereas BER per se had no effect on cathepsin B and D activities in H9c2 cells (Figs. 10G and 10H ). Interestingly, the ratio between cathepsin D/cathepsin B increased in cells pre-treated with 10 μM BER and exposed 20 μM DOX (Fig. 10F) , apparently due to a higher decrease in cathepsin B in these cells that did not reach statistical significance per se (Fig. 10G ).
Modulation of mitophagy in DOX-treated cells by BER
All the data so far confirmed that DOX causes mitochondrial damage in H9c2 cardiomyoblasts, while BER increases Sirt3 and affords cardioprotection. It is known that the autophagic process is directed to eliminate damaged and dysfunctional mitochondria, a process known by mitophagy that may be triggered by the loss of ΔΨ m [55] . To evaluate if BER modulates mitophagy, we measured mitochondria and lysosome co-localization using Lysotracker Green and TMRM + (Fig. 11) . We observed that untreated H9c2 cells presented normal cell morphology with a well-defined and filamentous mitochondrial network, as well as the presence of a small number of lysosomes, with little or no co-localization with mitochondria. BER did not appear to induce alterations in cell morphology. In fact, BER-treated H9c2 cells maintained the well-defined mitochondrial network with minimal lysosomepolarized mitochondria co-localization (Fig. 11) . As expected DOX treatments induced changes in H9c2 cell morphology. H9c2 cells that were treated with low-DOX concentration contained a more fragmented mitochondrial network and a significant increase of lysosomes. The increased lysosomal accumulation co-localized with polarized mitochondria possibly leading to their degradation through a mitophagic process (Fig. 11) . High-DOX treated H9c2 cells presented a more fragmented mitochondrial network and an extensive accumulation of acidic vesicles. Despite that fact, we observed that lysosome-polarized mitochondria co-localization was present, but in a much less extent than in low-DOX concentrations (Fig. 11) . BER pre-treatment appeared to exert different effects in the presence of low and high DOX concentrations. We observed that BER pre-treatment before the administration of 1 μM DOX led to a decrease on lysosomal-polarized mitochondria colocalization. The opposite scenario happened with 20 μM DOX-treated cells. BER pre-treatment before incubation with the high-DOX concentration appeared to increase the co-localization between polarized mitochondria and acidic vesicles, suggesting that BER pre-treatment prevents mitophagy in cells treated with low-DOX concentrations, but likely promotes the elimination of mitochondria in the presence of the high-DOX concentrations. Still, it must be stressed that our experimental protocol is measuring the initial stages of mitochondrial lysosomal interaction and not later stages of mitophagy, in which mitochondria are degraded through that phenomenon.
Berberine induces mitochondrial biogenesis in DOX-treated cells
Changes in mitophagy may be accompanied by changes in mitochondrial biogenesis, to increase mitochondrial mass. It has been described that BER increases mitochondrial biogenesis mechanisms in skeletal muscle cells resulting in an improvement of mitochondrial function, associated with Sirt1 activation [35] . To determine whether mitochondrial biogenesis was also elicited by BER pre-treatment in DOX-exposed H9c2 cells, we measured TOM20 and Tfam protein content in our experimental conditions (Fig. 11) . BER pre-treatment by itself did not alter TOM20 content (Fig. 12A, C) . However, pre-treatment with BER before DOX treatment induced an increase in TOM20 content, when compared with untreated cells and with the respective DOX control. In respect to Tfam protein content (Fig. 12B, D) , either BER or DOX alone did not alter Tfam content. However, when H9c2 cells were pre-treated with BER before DOX treatment, Tfam content significantly increased in comparison with the respective DOX concentration alone. This result suggests that BER pre-treatment induces mitochondrial biogenesis in the presence of DOX, possibly to compensate DOX-induced mitochondrial dysfunction.
Discussion
Doxorubicin is one of the most potent anticancer agents used against a wide range of tumours [1, 4, 56] . However, the cardiotoxicity associated with DOX-therapy has compromised its clinical application [57] . It has been proposed that the cardiotoxicity induced by DOX has a strong mitochondrial component with possible different mechanisms being involved, such as cell death and disruption of mitochondrial homeostasis, being oxidative stress one important component for DOXinduced cardiotoxicity [6, 58] . The hypothesis of the present work is that BER may prevent DOX-induced cardiotoxicity, by increasing Sirt3 protein content.
DOX cardiotoxicity is especially relevant for adult survivors of paediatric malignancies. In a juvenile mouse model treated with DOX, the development of an abnormal vasculature resulted in higher susceptibility to myocardial infarction. Also, a decreased number of CPCs was observed after DOX treatment, suggesting that these undifferentiated cells are more susceptible to DOX, thus limiting the resistance of the treated heart to oxidative stress [9, 59] . According to this, Angelis et al. reported also that adult and neonatal rat cardiomyocytes have different susceptibilities to DOX exposure, with the apoptotic pathway being more active in immature cells [60] . These authors demonstrated also that cardiomyocytes respond differently to DOX depending on their differentiation state [60] ; results which were further confirmed by us in a cardiomyoblast cell line [15] . In the Fig. 4 . Impact of modulation of Sirt3 expression on DOX-induced changes in H9c2 cell viability. To analyse the role of Sirt3 against DOX cardiotoxicity, H9c2 cardiomyoblasts were manipulated for Sirt3 overexpression (hSirt3) and respective control condition, and incubated with 1 μM DOX. A) Cell viability was analysed by flow cytometry upon labelling with Calcein-AM, to measure live cells, and Sytox Green, to quantify dead cells. Calcein-positive (live) cells and Sytox positive (dead) cells were measured in control conditions, containing only transfection reagent. B) Cell death was determined 24 h after 1 μM DOX treatment in H9c2 cells using the MultiTox-Glo multiplex cytotoxicity assay (Promega, Madison, WI), according to the manufacturer's instruction, and normalized with the SRB results (Cell death (%)/Cell mass (%) ratio). Results were normalized to the control without DOX. Data represents mean ± SEM of 3-5 independent experiments. One symbol = p < 0.05, two symbols = p < 0.01 and three symbols = p < 0.001. * vs control of the DOX concentration. # Analysis in the same transfection condition in all conditions of Fig. 4 .
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Fig . 5 . Impact of the modulation of Sirt3 expression on DOX-induced changes in caspase-9 levels and activity in H9c2 cardiomyoblasts. H9c2 cardiomyoblasts were subjected to Sirt3 overexpression (hSirt3) and respective control conditions, and incubated with 1 μM DOX for 24 h. Protein content and fragmentation of caspase-9 was evaluated by Western blotting by analysing A) Representative image. The original blotting membrane was cut in order to remove unnecessary treatment groups. B) procaspase-9 (PC9) (45 kDa), C) large cleaved caspase-9 fragment (LF9) (35/37 kDa) and D) cleaved caspase-9 (ClF9) (25 kDa) bands. E) Caspase-9-like activity was also evaluated after Sirt3 overexpression, in the absence or presence of DOX. Data represents mean ± SEM of 3-4 independent experiments. Results were normalized to the control without DOX. One symbol = p < 0.05, two symbols = p < 0.01 and three symbols = p < 0.001. * vs control of the DOX concentration, # analysis in the same transfection condition throughout Fig. 5 .
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present work, H9c2 cardiomyoblasts were used as a model for CPCs, since these cells have the ability to differentiate into adult skeletal muscle and cardiac cells [61] . We used DOX concentrations equivalent to those achieved in plasma after administration of therapeutic doses of DOX (0.5 and 1 μM), also adding a supra-physiological dosage (20 μM)
to mimic a single acute treatment [14] . Considering that DOX inhibits Sirt3 expression [17, 18] , we first wondered whether Sirt3 regulation could prevent the toxic effects of DOX on H9c2 cardiomyoblasts. To answer this question, we investigated the impact of modulation of Sirt3 expression levels on DOX- Fig. 6 . Impact of the modulation of Sirt3 expression on DOX-induced changes in caspase-3 levels and activity in H9c2 cardiomyoblasts. H9c2 cardiomyoblasts were subjected to Sirt3 overexpression (hSirt3) and respective control condition, and incubated with1 μM Dox for 24 h. Protein content and fragmentation of caspase-3 was evaluated by Western blotting. A) Representative Western blot image. The original blotting membrane was cut in order to remove unnecessary treatment groups. B) procaspase-3 (PC3) (35 kDa) and C) cleaved caspase-3 fragment (CF 3) (17 kDa) bands. D) Caspase-3-like activity was also evaluated after Sirt3 overexpression. Results were normalized to the control cells in the absence of DOX. Data represents mean ± SEM of 3-4 independent experiments. One symbol = p < 0.05, two symbols = p < 0.01 and three symbols = p < 0.001. * vs control of the same concentration of DOX, # analysis in the same transfection condition.
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induced cardiotoxicity on the H9c2 cell line. We observed that H9c2 cells overexpressed with a human Sirt3-flag construct (hSirt3) showed a higher expression of Sirt3 (Fig. S1 ). We next confirmed the cytotoxicity induced by DOX on the H9c2 cell line, observed as a decrease in cell mass (Fig. S3 ) and live cells for DOX treatment (Fig. 4) , as well as by the increase of caspase 3 and 9 protein content and activities (Figs. 5 and 6), in accordance with previously described studies [13, 50, 62, 63] . Nevertheless, mitochondrial depolarization and mitochondrial network fragmentation induced by low-DOX concentrations was also observed by using TMRM + as a mitochondrial-membrane potential-dependent fluorescent dye (Fig. 1) . These results are according with our previous works [14, 50] , as well as with other studies showing a decrease in mitochondrial membrane potential after DOX treatment [64, 65] . Importantly, we observed that the overexpression of Sirt3 prevented mitochondrial fragmentation induced by DOX, as observed by the cellular mitochondrial distribution and transmembrane electrical potential, indirectly measured as cell TMRM fluorescence (Fig. 1) . These results agree with the fact that the overexpression of Sirt3 preserves mitochondrial network distribution and inhibition of DOX-induced cardiomyocyte death through the activation of the fusion protein optic atrophy 1 (OPA1) [19] . Sirt3 activity preserved the normal tubular shape of mitochondria during DOX-induced cytotoxicity on cardiomyocytes [19] . By comparing wild-type (WT) and mutant Sirt3 effects on HeLa cells, only WT Sirt3 was able to preserve mitochondrial morphology [19] , which is also consistent with our results (Fig. 1) .
Considering that DOX induces cell death in part by increasing oxidative stress, and that Sirt3 contributes to cell survival protecting mitochondria against oxidative stress [21, 66] , we investigated whether DOX influences Sirt3 expression influenced DOX-induced ROS production. Several reports considered that Sirt3 also prevented mitochondrial disruption caused by oxidative stress by deacetylating SOD2 [23, 25] , one of the main anti-oxidant enzymes shown to be decreased in cardiomyocytes after DOX treatment [64, 65, 67] . In our results, an increase of superoxide anion (Fig. 2) and SOD2 protein content (Fig. 9) was found in H9c2 cells treated with DOX, in agreement with Tokudome and collaborators when using neonatal cardiomyocytes [68] . Our results also showed that although Sirt3 overexpression decreased the detectable amount of superoxide anion and SOD2 protein content, but more visible on cells treated with BER. Sirt3 deacetylates and activates SOD2 [69] and its protective effect against ROS was better visible with acetyl versus total SOD2 protein content ratio. From these results, we can conclude that Sirt3 may have a contribution to reduce the oxidative stress induced by DOX including an indirect activation of other ROSdetoxifying enzymes, especially upon BER treatment. Moreover, Sirt3 deacetylates and activates the TCA cycle enzyme isocitrate dehydrogenase 2 (IDH2) and glutamate dehydrogenase in murine liver [21, 70] , both of which produce NADH in mitochondria. NADH in turn is required for glutathione reductase to convert oxidized into reduced glutathione, which is a crucial cofactor for mitochondrial glutathione peroxidase to scavenge oxidized species [69] . Another possibility that should be considered is the fact that Sirt3 deacetylates numerous components of the electron transport chain, being possible that this effect may reduce the production of superoxide anion caused by DOX by improving the efficacy of electron transport however nothing has been reported about this possible mechanism so far. We demonstrated in this work that DOX, non-treated H9c2 cells over-expressing Sirt3, promoted an increase of NADH dehydrogenase and succinate dehydrogenase subunits content (Fig. 3 ). Similar studies with the same type of end-points often yielded mixed results. Some studies reported that complex I and II activities were decreased after DOX treatment in heart mouse homogenates and H9c2 cells, although the protein content of these complexes was not decreased [71] , while other studies also reported an increase of complex II protein content in heart lysates [72] . These differences probably occurred due to different experimental conditions used in each study, being possible that the increase of protein content of the respiratory complexes observed in our study may be due to a compensatory mechanism in order to revert the loss of activity observed after DOX treatment, although we did not measure that in our work. On the other hand, we found that the overexpression of Sirt3 increased the content of complex subunits after treatment with 0.5 μM DOX but not with 1 μM DOX (Fig. 3) . These results strongly suggest, and contrarily to what was reported previously, that different concentrations of DOX can distinctively affect the role of Sirt3 within the cell, which is in agreement with the fact that Sirt3 deacetylates several components of the electron transport chain [38, 73, 74] . Nonetheless, other mechanisms may also be involved in the protective effect of Sirt3 modulation in preventing DOX-induced cardiotoxicity. Our results showed that although the overexpression of Sirt3 did not prevent the decrease in cell mass induced by DOX (Fig. 4) , the overexpression of Sirt3 decreased the activity of caspases 3 and 9, and the amount of p53 protein (Figs. 5, 6 and 7) , three parameters previously described by us as involved in cell death mechanisms induced by DOX [13, 14] . So, it is also possible that the modulation of Sirt3 on p53 could prevent the toxicity induced by DOX. In fact, it is known that DOX promotes over-expression and activation of p53, Bax overexpression and induces its translocation to mitochondria [14] , and that the activation of p53 may in turn induce alteration of mitochondrial membrane potential, leading to cytochrome c release, culminating with apoptosis [75, 76] . Since Sirt3 inhibits p53 activation by promoting its deacetylation [76] , and also Bax translocation to mitochondria by promoting ku70 protein interaction under stress conditions [66] , it is also possible that Sirt3 can prevent DOX-induced apoptosis. Taken together, Sirt3 modulation may confer protection against DOX-induced cardiotoxicity, probably by reducing the oxidative stress mechanisms and intrinsic cell death pathways, highlighting the pharmacological activation of Sirt3 as a promising approach to prevent the cardiotoxicity promoted by this anticancer agent. An example of Sirt3 activating molecules is BER, which was previously shown to activate Sirt3 [36] . Although nothing is currently known about the role of Sirt3-activation pathway on cardio-protection mechanisms induced by BER against DOX-induced cardiotoxicity, the cardio-protective effects of BER against the toxicity induced by DOX were already described [34, [77] [78] [79] . Our present results showed that BER combined with DOX increase the expression of Sirt3 and Sirt1, although with a more prominent effect on Sirt3 (Fig. 8) , indicating that BER can promote the activation of Sirt3 pathway in cardiomyocytes treated with DOX, a result which has never been described before. Considering that the modulation of Sirt3 promotes the inhibition of intrinsic apoptotic cell death pathways induced by DOX, we next questioned whether BER can prevent DOX-induced cardiotoxicity, and if confirmed what would be the mechanisms involved in BER protection against DOX toxicity. Our results showed that BER prevented DOX cytotoxicity on H9c2 cells induced by 1 and 20 μM DOX (Fig. S3) , also preventing the activation of caspases − 9 and − 3 ( Fig. 8 ). This decrease in caspase 9 and 3-like activities is in concordance with previous results [79] . Considering that the autophagy process plays an important role in the development of DOX-induced cardiomyopathy [80, 81] , and that Sirt3 pathway regulates autophagy [82] , we next investigated if BER modulated autophagy upon DOX-induced toxicity. Our results showed that DOX, at lower concentrations (1 μM) promoted an increase of cathepsin B activity (Fig. 10) , accompanied by a lysosome-mitochondrial co-localization (Fig. 11) , which suggested mitophagy induction. At higher concentrations, DOX induced a more fragmented mitochondrial network and an extensive accumulation of acidic vesicles accompanied also by co-localization of lysosome with polarized mitochondria (Fig. 11) . These results are in accordance with a previous study that showed a dual role of DOX in the autophagy process [51] , showing that DOX induces autophagy at lower concentrations, while inhibiting the autophagy process at higher concentrations [51] . However, pre-treatment with BER may apparently block autophagy as observed by p62 and autophagosome accumulation (Fig. 11) , since low p62 turnover and autophagosome accumulation may lead to autophagy impairment and consequent inability to degrade cargo [83] . This inability can result from the blockage of fusion between the autophagosome and the lysosome. We observed cathepsin B inhibition with BER pre-treatment in H9c2 cells treated with 1 μM DOX without a significant increase of cathepsin D activity (Fig. 10 ) that may result in lysosomal integrity preservation. These results also confirmed the blockage of autophagy process by BER, since lysosomal viability can be indirectly measured by cathepsin activity data and it is related to high cathepsin B and low cathepsin D activities [42] . Additionally, the decrease of co-localization between polarized mitochondria and lysosomes promoted by BER in DOX-treated cells suggested that BER may apparently block mitophagy for lower-DOX treatments. However, this data must be interpreted carefully. In fact, it is known that Lysotracker Green only stains acid vesicles and as described TMRM + only accumulates on polarized mitochondria. Mitophagy is normally triggered by loss of ΔΨm and after cargo degradation, lysosome vesicles lose their acidic pH. Then our data may only show initial stages of mitophagy. However, more experiments need to be done in order to fully understand which role BER plays in the elimination of DOX-induced damaged mitochondria. The effect of BER with higher concentrations of DOX on autophagy markers is different. Although, an accumulation of p62 protein was observed, a relevant conversion of LC3-I into LC3-II was also detected (Fig. 10) , which may be indicative of autophagosome formation [84] , accompanied by a reduction in the accumulation of acidic vesicles. These observations may suggest that BER promotes the activation of a protective autophagy mechanism in order to eliminate damaged protein that accumulates in cells [85] . On the other hand, cathepsin B inhibition led to a massive increase of cathepsin D/cathepsin B ratio. This may indicate that BER modulates lysosomal cathepsin B in order to degrade the cargo targeted for elimination despite the possible inability of autophagosome/lysosome fusion. Moreover, lysosomal integrity may possibly be decreased due to accumulation of cathepsin D that may damage the lysosomal membrane and culminate with the lysosomalrelated cell death [86] . Lysosomal-related cell death may be caspaseindependent and can possibly justify the modest protection afforded by BER [86] . Thus, it is possible that BER may have the capacity to modulate the dual effect of DOX on the autophagy process, reducing autophagy at lower concentrations, and also promoting autophagy, which is blocked by DOX at higher concentrations. In fact, it has also been described that BER exerts a cardioprotective effect by promoting the induction of autophagy through the inhibition of Mammalian Target of Rapamycin (mTOR), p38 and ERK1/2 MAPK signalling pathways [87] , while it has also the capacity to reduce the excessive autophagy in cardiomyocytes [88] .
Another mechanism that may also explain the cardioprotective effect of BER is the induction of mitochondrial biogenesis, suggested by the increase of the mitochondrial outer membrane marker TOM20 (Fig. 12) after pre-treatment with BER, a possible indication of increased mitochondrial mass. Still, one has to consider that the increase of mitochondrial mass may be influenced by the accumulation of damaged mitochondria that cannot be eliminated by mitophagy. Considering that BER modulation of Sirt1 activates mechanisms of mitochondrial biogenesis in skeletal muscle cells [35] , and that the modulation of Sirt3 may also in turn promote the induction of mitochondrial biogenesis, it is also possible that the modulation of both Sirt1 and Sirt3 by BER may also be responsible by the cardioprotective effects of this compound. In agreement, our results showed that BER pre-treatment of H9c2 cells resulted in Sirt1, Sirt3 (Fig. 8) and Tfam (Fig. 12 ) upregulation in DOX-treated groups. Thus, it is possible that Sirt1 and Sirt3 may be involved in increased mitochondrial biogenesis in BER-treated H9c2 cells, probably through the downstream activation of Peroxisome proliferator-activated receptor gamma co-activator 1-alpha (PGC-1) and Tfam. In fact, it is known that Tfam once activated induces the transcription and the replication of mtDNA which translates in more functional mitochondria [89, 90] . Additionally, Sirt3 can be regulated by PGC-1 activation and it may lead to the upregulation of ROS-detoxifying mechanisms, by stimulating the de novo formation of respiratory chain components [91] . Moreover, it is also possible that BER can upregulate Sirt3 expression in both DOX treatments, representing thus another protective mechanism against DOX-induced oxidative damage.
Conclusion
Every year the incidence of cancer is increasing worldwide. Once DOX is one of the most widely used and efficient drug in cancer treatment, there is a pressing need to decrease the adverse effects of DOX, finding therapeutic strategies to inhibit cardiotoxicity. In our study, we observed that BER pre-conditioning afforded protection against DOX-induced cardiotoxicity by inhibiting caspase-dependent mitochondrial apoptosis pathway, promoting the regulation of autophagy and by inducing mitochondrial biogenesis, probably through the modulation of Sirt3-mediated pathways. The data obtained in this work must be confirmed in vivo using a dual model of cardiac cytotoxicity/ chemotherapeutic efficacy in order to demonstrate that BER, when used with DOX decreases cardiotoxicity without compromising the anticancer efficacy. Regarding the latter, the fact that BER potentiates the anticancer effect of DOX in different types of cancer [30, 92, 93] , strengthens BER and DOX co-administration as a promising approach to counteract DOX-induced cardiotoxicity in cancer treatment.
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